We report on the deformation of microwave absorption spectra and of the inverse spin Hall voltage signals in thin film bilayers of yttrium iron garnet (YIG) and platinum at high microwave power levels in a 9.45-GHz TE 011 cavity. As the microwave power increases from 0.15 to 200 mW, the resonance field shifts to higher values, and the initially Lorentzian spectra of the microwave absorption intensity as well as the inverse spin Hall voltage signals become asymmetric. The contributions from opening of the magnetization precession cone and heating of YIG cannot well reproduce the data. Control measurements of inverse spin Hall voltages on thin-film YIG|Pt systems with a range of line widths underscore the role of spin-wave excitations in spectral deformation.
I. INTRODUCTION
Spintronics is a progressive field of electronics, in which in addition to the electronic charge used in conventional electronics, the electron spin is employed for information transmission. 1 In this stream, the generation, manipulation and detection of spin current, the flow of electronic spin angular momentum, are of main interest.
A versatile method for generating spin currents in thin film bilayer systems comprising a ferromagnet and a paramagnetic metal is spin pumping. [2] [3] [4] [5] [6] [7] [8] [9] Upon ferromagnetic resonance (FMR) in the magnetic layer, precession motion of magnetization relaxes not only through damping processes inside the ferromagnet but also by transfer of spin angular momentum to the conduction electrons in the neighbouring paramagnetic layer.
In a paramagnetic metal with spin orbit coupling, such as platinum, the injected spin current is converted into a transverse charge current by means of the inverse spin Hall effect (ISHE). 6, [8] [9] [10] Since the injected spin current is proportional to the power absorbed by the magnetization excitation, 11, 12 spin pumping in combination with ISHE enables direct electric detection of magnetization dynamics in the ferromagnet. In the uniform precession mode at low microwave power, the microwave absorption intensity follows a Lorentzian function, 13, 14 which is reflected by the ISHE voltage signal. 6, 9 The ferrimagnetic insulator yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) 15 is a commonly used spin injector. The low magnetic loss at microwave frequencies (damping constant 3 × 10 −5 ) 16 , as well as highly insulating properties (band gap 2.85 eV) 17 make it ideal for the transport and manipulation of pure spin currents. YIG also offers a playground for exploring non-linear magnetization phenomena at high microwave power levels, such as spin wave instabilities, foldover and bistable behaviour. 18, 19 In recent years, there has been significant interest in observing non-linear spin dynamics in YIG via ISHE measurements and harnessing these effects in spintronics a) Electronic mail: lustikova@imr.tohoku.ac.jp devices. [20] [21] [22] [23] The simplest example of a non-linear regime in spin pumping is the effect of decreasing static component of magnetization. [24] [25] [26] In perpendicular pumping, an external rf field h ac with frequency ω is applied perpendicularly to the direction of the static magnetic field H, which is pointing along the z direction. This causes damped precession motion of the magnetization around the z-axis. The total magnetization vector M then consists of a static component M z and a dynamic component m(t). For small excitation amplitudes h ac , such that | m | | M |, one can approximate the static component of magnetization by the size of the saturation magnetization, M z ≈ M S (linear regime). With ever increasing microwave power, the decrease in the static component of magnetization M z can no longer be neglected. This leads to a decrease in the demagnetizing field, which affects the resonance condition. 13, 24 Such feedback response in the resonance field (or frequency) leads to a "foldover" of the initially Lorentzian microwave absorption spectrum and is responsible for bistability at even higher excitation amplitudes. 26, 27 Foldover and bistability in the FMR of YIG films have been reported previously, and have been attributed either to heat 28 or to spin-wave instability processes. 29, 30 In Ref. 31 , nonlinear effects in high power spin pumping have been attributed to spin-wave excitations, but the spectral shape has not been discussed.
In this work we study the spectral shape deformation of inverse spin Hall voltages in Pt (14 nm) induced by spin pumping from thin YIG films (96 nm). A quantitative analysis of the spectra indicates that they cannot be well explained by the opening of the magnetization precession cone, nor by heating of YIG upon FMR. The disappearance of non-linearity in films with broader line widths suggest that the deformation occurs due to excitations of spin wave modes.
II. EXPERIMENT AND RESULTS
YIG films investigated in this study were deposited by on-axis magnetron rf sputtering on gadolinium gallium garnet (111) (Gd 3 ness of 500 µm. The base pressure was 2.3 × 10 −5 Pa, and the pressure of the pure argon atmosphere was 1.3 Pa. During deposition, the substrate remained at ambient temperature and the deposition rate was 2.7 nm/min. Crystalization was realized by post-annealing in air at 850 • C for 24 hours. Thickness of the films was 96 nanometers. The effective saturation magnetization and the damping constant of the films were 103 ± 5 kA/m and (7.0 ± 1.0) × 10 −4 , respectively; with a peak-to-peak line width of (0.40 ± 0.03) mT at a frequency of 9.45 GHz. The structural properties as well as the spin injection efficiency in the linear low-power regime of such films have been described elsewhere. 32 For spin current detection, the YIG samples were coated by a 14-nm-thick platinum film by rf sputtering, causing the line width to enhance to (0.52 ± 0.02) mT. Platinum was chosen for its high conversion efficiency from spin current to charge current. 9 The width and length of the samples were w = 1 mm and l = 3 mm, respectively. Figure 1 summarizes the setup and the results of the spin pumping experiment on samples prepared by sputtering. Figure 1(a) is an illustration of the experimental setup. The measurement was performed at room temperature in a 9.45-GHz TE 011 cylindrical microwave cavity with microwave power P MW in the range from 0.15 mW (corresponding to an rf field µ 0 h ac = 4.4 µT) to 200 mW (µ 0 h ac = 0.16 mT). The sample was placed in the centre of the cavity where the electric field component of the microwave is minimized while the magnetic field component is maximized and lies in the plane of the sample surface. A static magnetic field was applied in the plane of the sample surface perpendicular to the direction of the rf field and to the direction in which the ISHE voltage was measured. The microwave absorption intensity was measured using a field lock-in technique. 9 The obtained microwave absorption derivative spectra dI/dH and normalized ISHE voltage signals V /V max at various values of P MW are shown in Fig. 1 (b) and (c), respectively. Here, V max denotes the maximal value of the voltage peak. All curves were obtained by sweeping the static field at a fixed rate of 60 mT/min.
At the lowest power (P MW = 0.15 mW), the microwave absorption derivative spectrum dI/dH in Fig. 1(b) has the shape of the first derivative of a Lorentzian function, as predicted by linear magnetization dynamics. The corresponding ISHE voltage signal in Fig. 1(c) also follows a Lorentzian profile, with the same resonance field H R and full width at half maximum as the microwave absorption spectrum. The ISHE origin of the voltage signal has been confirmed in Ref. 32 . This Lorentzian behaviour is preserved in the low power regime (P MW = 0.15, 1, 10 mW).
As the microwave power is increased beyond 10 mW (P MW = 50, 100, 200 mW) a shift of the resonance field H R to higher values occurs. Along with this H R shift, the microwave absorption spectra as well as the voltage signals gradually develop a deformed shape. This feature is most pronounced at the highest power, P MW = 200 mW. Here, the left shoulder of the microwave absorption derivative is significantly broader than the right one, which exhibits a sharp dip. This derivative spectrum shows good correspondence with the voltage signal, which has the shape of an inclined Lorentzian peak with a broad left shoulder and a narrow right shoulder. Subsidiary resonance peaks were not observed in the spin pumping measurement.
The shift of the measured resonance field µ 0 H R to higher values with increasing P MW is shown in Fig. 1 
(d).
As the power is increased from 0.15 mW to 200 mW, µ 0 H R is first constant at a value of 275.3 mT up to P MW = 8 mW, and after that, gradually increases to 277.3 mT at the highest microwave power. This increase in resonance field H R points to a decrease in the static component of the magnetization M z which can be estimated from the resonance condition. 28, 29 For tangentially magnetized films (with static magnetic field in the z -direction), an rf demagnetizing field is created by the out-of plane dynamic component of magnetization, leading to a resonance condition 13 ω γ
based on which the observed H R shift corresponds to a decrease in M z from 103.4 kA/m to 99.4 kA/m. The P MW dependence of M z is plotted in Fig. 1(d) . Reflecting the behaviour of H R , the static component of magnetization M z is first constant up to P MW = 8 mW, and after that gradually decreases with increasing microwave power.
III. ANALYSIS AND DISCUSSION
The observation of asymmetric spectral profiles in the microwave absorption intensity and of those in the ISHE voltage is likely linked to a decrease in the static component of the effective saturation magnetization, which can be caused by (i) opening of the precession cone, (ii) heating of the ferromagnet, or (iii) spin wave instability processes. 29 We first examine the uniform precession mode, case (i) and (ii).
These two mechanisms are illustrated in Figs. 2(a) and (b). In Fig. 2(a) , increasing the rf field leads to the opening of the precession cone. While the total magnetization vector M remains unchanged, the static component M z , which is the projection of M into the direction of the external field, decreases. In Fig. 2(b) , the heating of the ferromagnet due to microwave absorption is considered. The increasing thermal fluctuations of the individual spins result into a decrease in the total magnetization M, leading to a smaller static component M z .
In both cases, the increase in microwave absorption intensity with increasing power leads to a decrease in the static component of magnetization M z , which manifests itself as an increase in the resonance field H R via the resonance condition in Eq. (1). One then has to consider the dependence of H R on the microwave absorption intensity I, so that the originally Lorentzian spectral shape of I(H) assumes the following form: 27 where Γ is a damping factor and the expression is normalized so that I(H R ) = 1. The dependence of the resonance field on the microwave absorption intensity, H R = H R (I), causes a deformation of the microwave absorption spectrum I(H) into an inclined Lorentzian peak. At each point of the H-sweep, H R is determined from
The spectral shape of the microwave absorption intensity can be then obtained by solving Eq. (2) for a given dependence of M z on the microwave absorption intensity I(H). In the analysis below we fix the damping parameter Γ = 0.42 mT, as determined from Lorentzian fit of the data at P MW = 0.15 mW, and use (ω/γ) = 0.334 T.
We first analyze the case of the opening precession cone [case (i)]. The precession angle θ is defined as the angle between the magnetization vector M and the direction of the static magnetic field (z-direction), so that M z = M S cos θ . We assume that the precession angle θ increases linearly with the microwave absorption intensity, θ = k 1 I. The normalization requirement I(H R ) = 1 leads to a coefficient k 1 = θ R , where θ R is the precession angle at FMR. We obtain the spectral shape of the microwave absorption intensity, I(H), by solving Eq. (2) with H R (I) determined from Eq. (1), where M z (I) = M S cos(θ R I). The saturation magnetization is here fixed at M S = 103 kA/m as determined from the FMR condition at P MW = 0.15 mW.
The numerical solutions of Eq. (2) for selected values of θ R are plotted in Fig. 2(c) . With increasing θ R , the spectra develop an asymmetric shape with H R shifting towards higher values. At θ R = 10 • , Eq. (2) has more than one solution, which leads to different values of microwave absorption intensity when sweeping the magnetic field in opposite directions. When sweeping the static magnetic field in the upward direction, I(H) increases up to a maximum at H 1 , after which is suddenly drops. For a sweep in the downward direction, I(H) increases only slightly up to H 2 (smaller than H 1 ), where it abruptly jumps to its value at the upward sweep, and then decreases along the same path as the in upward sweep.
This hysteretic behaviour of the numerical solution sets in at θ R = 8 • , at which the resonance field predicted from M z by Eq. (1) is H R = 275.8 mT. In our experiments, this value of H R was observed for P MW between 10 mW and 50 mW where the experimental spectra are nowhere near hysteretic. Therefore, the observed spectra cannot be explained by the opening of the precession cone.
Next, we discuss heating of the YIG upon FMR [case (ii)]. Here, we assume the precession angle to be negligibly small so that M z ≈ M S . According to magnetization measurements, the temperature dependence of the magnetization of YIG in the vicinity of 300 K is approximately linear, 33 and can be expressed as
where M S is the effective saturation magnetization at 300 K, and ∆T is the increase in the temperature of YIG, with base taken at 300 K. The linear coefficient was estimated as κ = 2.14 × 10 suring the temperature dependence of magnetization, was 2.23 × 10 −3 K −1 . We assume that ∆T is proportional to the absorbed microwave power I(H) at every point of the field sweep, ∆T (H) = k 2 I(H). Again, due to the normalization I(H R ) = 1, we have k 2 = ∆T R , where ∆T R denotes the temperature increase at FMR. To obtain the spectral shape of the microwave absorption intensity I(H), we solve Eq. (2) with H R determined from Eq. (1), where M z (T ) is given by Eq. (3). In the calculation, we take M S = 103 kA/m.
The calculated curve of the FMR spectrum for selected values of ∆T R is plotted in Fig. 2(d) . As the temperature increases, the spectrum takes on an asymmetric shape with the peak shifting towards higher values of magnetic field. The left shoulder of the FMR peak broadens with increasing temperature. The apparent line width of the FMR peak increases with increasing ∆T R . For ∆T R = 10 K we observe hysteretic behaviour between the upward and downward field sweep.
Based on Eq. (3) we first estimate the temperature increase ∆T R at ferromagnetic resonance that would be necessary to explain the magnitude of the decrease in M z with increasing microwave power shown in Fig. 1(d) . The result is shown in Fig. 3(a) . Up to P MW = 8 mW, ∆T R is zero, and after that gradually increases with increasing microwave power. The overall behaviour reflects the P MW dependence of H R and M z . For P MW = 200 mW, a temperature increase of 18.5 K is estimated. Figures 3(b) , (c) compare the results of the numerical calculation for case (ii) with the voltage signal observed at P MW = 200 mW. Here, the assumption is that the ISHE voltage observed in the spin pumping is directly proportional to the absorbed microwave power I(H).
In Fig. 3(b) the ISHE voltage obtained at P MW = 200 mW and a sweep rate of 60 mT/min is compared with the result of the calculation for ∆T R = 18.5 K ("calc 1"). While the voltage signal is smooth, the calculated curve drops sharply after resonance and is a bad fit to the experimental data. To obtain a good fit at the right flank, it is necessary to assume that the temperature after resonance decreases exponentially back to 300 K with a relaxation constant τ, that is,
Here, v is the field-sweep rate. The best agreement between the signal and the calculated curve was obtained for τ = 15 s ("calc 2") which signifies a rather slow cooling process. However, there is a slight disagreement between data and calculation at the left flank.
In Fig. 3(c) we show the ISHE signal obtained at P MW = 200 mW and a sweep rate of 1.3 mT/min. The shape of the signal resembles that at higher sweep rate, but H R is shifted to higher values (278.5 mT) leading to an estimate ∆T R = 28.4 K. Hysteretic behaviour was observed, namely, the resonance field in the downward sweep (278.3 mT) is smaller than in the upward sweep (278.5 mT). Calculation for ∆T R = 28.4 K is plotted along with the data. The disagreement between the left flank of the signal and the calculation in the upward sweep is even larger than in Fig. 3(b) . Further, to simulate the slow decrease of the voltage at the right flank in the upward sweep, a relaxation time of more than τ = 40 s is required. Moreover, the calculated curve in the downward sweep reaches resonance at 276 mT which is in strong disagreement with the observed curve.
There are several problems with the heating model. The cooling times estimated from the experimental curves at 60 mT/min and 1.3 mT/min, τ = 15 s and more than 40 s, respectively, are unreasonably high considering that the small volume of the ferromagnetic film, attached to a thick GGG substrate acting as a heat bath, should cool almost instantaneously. In addition, the modelled curves do not match the left flank of the signal at any sweep rate. Finally, the temperature increase ∆T R required to explain the H R shift leads to a hysteresis that is much larger than the observed one; namely a H R difference between upward and downward sweep that is almost 8 times higher than the observed one for the 1.3 mT/min sweep [ Fig. 3(c) ]. From these observations we conclude that a simple heating model cannot explain the data.
The discussion above suggests that the origin of the nonlinear phenomena observed is neither opening of the precession cone, nor heating upon FMR. A possible mechanism of the decrease in the resonance field H R with increasing microwave field might be the outflow of M z component into spin waves with zero or non-zero wave vector. Consequently, the deformation of the FMR spectra as well as the ISHE signals might be related to the excitation of spin waves. (14 nm) sample where the YIG was additionally annealed in vacuum prior to Pt coating. The signal at P MW = 1 mW is plotted 50 times larger for increased visibility. The fit is a Lorentzian function. (b) Microwave power dependence of the peak value of the ISHE voltage observed in a YIG|Pt sample which has been coated by Pt directly after annealing of YIG in air ("before annealing") and which has in addition been annealed in vacuum before Pt deposition ("after annealing"). The signal from the former sample is plotted reduced by a factor 5 for improved visibility. The black lines are a guides for the eyes.
IV. CONTROL MEASUREMENTS ON YIG FILMS WITH DIFFERENT LINE WIDTHS
To further investigate the behaviour at high power microwave levels, we have performed spin pumping from sputtered YIG films which, in addition to annealing in air, have also been annealed in vacuum, as well as from films prepared by pulsed laser deposition (PLD).
Films prepared by sputtering under the conditions described in section II., were additionally annealed in vacuum at 500 • C for 3 hours. The line width of the samples at 9.45 GHz increased from (0.95 ± 0.21) mT to (2.14 ± 0.13) mT by this process. A possible reason for the line width enhancement are oxygen vacancies near the sample surface introduced during the vacuum annealing process. Figure 4 presents the effects of the vacuum annealing on spin pumping. In Fig. 4(a) we show the inverse spin Hall voltage signal from a sample where the YIG has been annealed in air, later in vacuum, and finally coated by 14-nm Pt layer by sputtering at room temperature. The ISHE signal at both low (P MW = 1 mW) and high (P MW = 200 mW) microwave power has a Lorentzian shape. The spectral deformation is neither present in the microwave absorption spectra. Fig. 4(b) shows the P MW dependence of the ISHE voltage at FMR in a sample where the YIG has only been annealed in air ("before annealing") and a sample where the YIG has been annealed in air and additionally in vacuum ("after annealing"). In the former case, the power dependence of ISHE voltage deviates from the predicted linear dependence, namely, the signal amplitude at higher power levels is smaller than that given by the expected linear dependence. However, in the latter case the power dependence follows a straight line as expected in the conventional spin pumping model. 9 Annealing of the YIG in vacuum caused the magnitude of the ISHE signal at P MW = 200 mW become smaller by a factor of 9 compared to untreated samples.
Finally, we look at spin pumping in a YIG|Pt system where the YIG has been prepared by PLD. The films were deposited on GGG substrates from a stoichiometric target using a KrF excimer laser with a repetition rate of 10 Hz.
During the deposition, the GGG substrate was kept at 750 • C and a pure oxygen atmosphere with a pressure of 27 Pa was maintained. The deposition rate was 0.053 nm/min and the final thickness 9 nm. After the growth, the films were annealed at 800 • C in 63 kPa oxygen gas for 1 hour.
The results are summarized in Fig. 5 . The TEM crosssection image of a GGG|YIG(9 nm)|Pt(8 nm) sample is shown in Fig. 5(a) . The YIG grows epitaxially on the GGG substrate and the garnet structure is perfectly maintained throughout the thin film. For spin pumping experiments, the YIG has been coated by 14-nm Pt layer by sputtering. A comparison of the microwave absorption derivative spectra prior to and after Pt sputtering is shown in Fig. 5(b) . Prior to Pt coating ("YIG"), the spectrum is a Lorentzian function derivative for low microwave power (P MW = 1 mW). At P MW = 200 mW a deformation of the spectrum and an H R shift qualitatively similar to those presented in Fig. 1(b) were observed. After Pt coating ("YIG|Pt"), the microwave absorption spectrum broadens, has a Lorentzian derivative shape and does not change by increasing the power from P MW = 1 mW to 200 mW. The spectral width enhancement measured at P MW = 1 mW was from 0. The overall trends observed in the measurements on YIG|Pt systems where the YIG has been prepared by (A) sputtering at room temperature and subsequent postannealing in air, (B) same as (A) and additional annealing in vacuum, (C) pulsed laser deposition, are the following. (i) A "foldover" of the microwave absorption spectra as well as of the inverse spin Hall voltage signals with increasing microwave power was observed in films with small line widths (below 1 mT at 9.45 GHz). The spectra remained Lorentzian in films with broader line widths (more than 2 mT at 9.45 GHz). (ii) At increased microwave power levels, a shift of the resonance field corresponding to a decreased effective static magnetization component develops. (iii) A strongly non-linear power dependence of the ISHE voltage amplitude was observed along with the spectral shape deformation. The power dependence in films with Lorentzian spectra was linear even at high microwave power levels.
The fact that the deformation of spectral shapes, as well as the non-linear power dependence of the ISHE voltages are only present in films with lower damping may be explained in terms of spin-wave excitations, which can cause a reduction of M z . Spin pumping is realized for spin waves with zero as well as non-zero wave vectors, and these spinwave excitations can be detected via ISHE. 22, 34 A similar non-linear power dependence of the ISHE voltage attributed to spin-wave excitations has been observed in 200-nm thick YIG with a damping constant 2×10 −4 which was prepared by liquid phase epitaxy, 35 and demonstrated even in spin pumping from Bi:YIG films prepared by metalorganic decomposition method. 31 
V. CONCLUSION
In summary, we have investigated the microwave absorption spectra of tangentially magnetized 96-nm thick sputtered YIG films and the inverse spin Hall voltage signals induced in adjacent Pt layers by spin pumping in a TE 011 microwave cavity. We have found that with increasing microwave power, the absorption spectra as well as the voltage signals develop an asymmetric shape with a broadened left shoulder and that the resonance field shifts to higher values, which points to a decrease in the static component of the magnetization. Analysis of the spectral shapes and comparison with measurements on other YIG|Pt systems suggests that this deformation may be caused by spin-wave excitation processes. Inverse spin Hall effect enables direct electrical detection of this process.
